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Abstract. A comparison has been made of the converter lifetime for a 3MW fully rated converter horizontal axis wind
turbine located onshore and offshore. Simulated torque and speed of the turbine shaft were used to calculate voltage
and current time series, that was used to calculate the junction temperatures of the diode and IGBT in the generator-
side converter by a thermal-electrical model. A rainßow counting algorithm was applied to the junction temperature in
combination with an empirical model of the lifetime estimation, to calculate the lifetime of the power electronic modules in
the turbine. The number of parallel modules for each location to achieve 20 years life time has also been found. Simulations
show the lifetime consumption rate of the diode and IGBT is decreased exponentially by increasing number of parallel
modules, lowering the average temperature. The offshore wind turbine has a higher lifetime consumption rate, requiring
a slightly higher converter rating to achieve a 20-year lifetime, but this difference is small, and both turbines will use the
same number of modules.
1. Introduction
The worldwide installed capacity of wind turbines is increas-
ing every day, with the EU governments intending to increase
the share of renewable energies of the total energy production
to 20% by 2020 [1]. In the UK, in accordancewith EU policies,
the share of the renewables in the overall energy production
should increase to 15% by 2020 [2]. One of the best renewable
resources in the UK is wind energy [3,4]; therefore investments
in wind energy technologies are increasing rapidly. Mean wind
speed offshore is much higher than onshore, so there is signiÞ-
cant interest in constructing offshore windfarms. The availabil-
ity of the turbines onshore is higher than the offshore wind tur-
bines, mainly due to the accessibility of the wind turbine and
the environmental conditions in the offshore sites [5].
One of the most important causes of failure in variable speed
wind turbines is the converter, and the failure rate is increased
for larger machines [6].
In modern wind turbines, converters use Insulated Gate
Bipolar Transistors (IGBTs) as the switching devices. The
IGBTs are available with two different packaging types, shown
in Figure 1. Selection of the type of IGBT package depends on
voltage level of the application. In the wind turbines, because
of their low voltage level (<1000), usually the conventional
modules are used; on the other hand, for medium voltage
(>1000) applications, presspack modules are usually the best
solution. Fault conditions for these two different types of
IGBT are different. The failure mode in the classic presspack
module is the short circuit due to a turn off failure in the IGBT,
while in the conventional modules open circuit at short times
and accordingly a short circuit is the main failure mode [7].
It should be mentioned that presspack IGBTs are designed to
fail in short circuit, but conventional modules can fail in both
Figure 1. Different types of IGBT modules [7] .
open and short circuit.
Power electronics failures can be categorized into two fail-
ure mechanism groups: chip related and package related fail-
ures. Packing related failures are the most frequent failures that
occur in the power electronic devices. This failure mechanism
is mainly due to the difference in coefÞcients of thermal expan-
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sion (CTE) of the different parts of chip and packaging, which
leads to thermo-mechanical stress on the packaging [8]. Over-
all, fatigue on the solder due to the thermal cycling is the main
reason for the failure in the power modules. In the horizontal
axis wind turbines (HAWTs), alternating current that causes
pulsating loss in the IGBT and diode is one of the reasons for
the thermal cycling as well as the variation of the wind speed,
which leads to variation of the converter load and hence tem-
perature due to power losses.
As previously mentioned, the wind speed in the offshore
sites is higher than in the onshore sites, so the trend of indus-
try is to build new offshore wind farms. On the other hand,
the higher wind speeds will cause higher stress on the wind
turbine. Furthermore, wind turbulence will cause huge fatigue
loading on the wind turbine [9]. The other difference between
onshore and offshore wind conditions is the lower turbulence
intensity in the offshore sites compared to the onshore [9].
Following this introduction, the model that has been used for
lifetime simulation will be introduced; in section 3 simulation
methodology will be presented. Then the results of the sim-
ulations will be presented in section 4. Finally section 5 will
conclude this paper.
2. Model design
In the wind power spectrum, there is a spectral gap in the wind
for the frequency of 1 to 10 cycle per hour (period of around 10
minutes to 1 hour) [10], so in the wind turbine analysis, it can
be assumed that wind speed in this period (period of around
10 minutes to 1 hour) is uniform. Therefore, the converter life-
time will be calculated based on a dynamic model using 10-
minute wind speed time series with several different average
wind speeds. The average wind speeds are determined using
a binning process, where the wind speeds between cut-in and
cut-out speed are separated to different bins with a 10 minute
mean speed value representing each bin. For each wind speed
bin, a wind speed time series is generated based on the mean
wind speed and the turbulence intensity, and this is used in a
dynamic model to Þnd the level converter degradation at that
wind speed. Other previous works [11,12], that calculate the
power electronic lifetime in the wind turbines, do not take into
account wind speed variations within the bins.
Figure 2 shows the structure of the model that used in this
paper. A time series of drivetrain torque and rotor speed for
each wind speed bin will be the output of the Turbine model.
The generator model will produce the current and voltage for
one phase from the given torque and speed values, which are
used in the converter loss model to calculate the conduction
and switching losses. Device temperatures will be obtained by
the thermal model and from the results of the thermal losses.
Then, the lifetime calculation model will calculate the life-
time of the switching devices from the temperature time series.
Overall lifetime will be obtained by combining the lifetime for
each wind speed bin based on the probability of the average
wind speed being within that bin.
Figure 2. Structure of the model.
2.1 Turbine model
The rating of the turbine that was used in this study is 3MW.
Below rated wind speeds, the rotor speed is controlled to
track the maximum power point. Once the rated wind speed is
reached, pitch control will be used to keep the turbine at the
3MW output condition.
The speciÞcations of the turbine are presented in Table 1.
The output of the turbine block is the normalized torque and
rotor speed, based on the turbines rated torque and rotor speed.
Table 1. Wind turbine speciÞcation.
Type HAWT, Up Wind, Variable Speed
Number of blades 3
Power rating 3MW
Maximum speed 1.50795 rad/s at low speed shaft
Rated speed 11.5 m/s
Speed range 3-25 m/s
2.2 Generator and converter model
A high speed permanent magnet generator has been used in
this study. The output frequency of the generator 50Hz and the
per unit reactance is 0.4. For simplicity, generator and gearbox
losses have been ignored. Also gearbox ratio was set in the way
to give rated generator speed at the rated turbine shaft speed.
In this paper, only the generator-side converter was studied. To
minimise the converter rating, the magnitude of the voltage of
generator terminals was controlled to be equal to the EMF [13].
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Figure 3. Thermal model of converter [14].
The rated voltage of the generator-side converter is 690V
and the DC-Link voltage is 1300 V. In addition, the converter
is selected to be based on an integrated power module (IPM)
commonly used in wind turbine converters. The number of par-
allel IPMs can be changed in this model to test the impact of
different converter ratings.
2.3 Loss model of converter
A conventional pulse width modulation (PWM) system, with
third harmonic injection has been used to modulate the con-
verter, with a switching frequency of 1kHz. It is assumed that
the frequency of the switching is high enough to have cause
no ripple in the temperature of the switches, so to reduce sim-
ulation time the actual switching process has not been simu-
lated in this study. On the other hand, the switching frequency
is important to calculate the switching losses. The losses here
were calculated using data provided by the manufacturer of the
IPM [14]. It should be noted that the losses in the IPM are the
combination of the switching and conduction losses.
To calculate losses with multiple parallel IPMs, the current
in each IPM was divided by the number of parallel IPMs. Dif-
ferences in power sharing between IPMs were ignored, and the
impact on the switching loss of having parallel IPMs were also
ignored. With multiple parallel devices, turn on and turn off of
different modules may not happen at the same time and this
will increase the losses. The impacts of the device temperature
on the switching losses have also been ignored.
2.4 Thermal model of converter
The thermal model of the power electronic device is also given
by the manufacturer and this model is based on the thermal
equivalent circuit diagrams [14]. Figure 3 shows the thermal
equivalent circuit for the device used in this study.
It is assumed that a water block with the water temperature
of 40◦C was the heatsink in this model. As seen in Figure 3,
the diode and IGBT chips have their own thermal impedance
related to the heatsink, Zth( j−s), and both will see the same tem-
perature in the heatsink, TS. Also heatsink to ambient thermal
impedance is also shown by Zth(s−a) . The thermal impedance
between two points (Zth(x−y))can be obtained by the sum of 1st
order systems as can be seen in equation (1).
Zth(x−y)(t) =
n
∑
k=1
R j(1− e
−t
τ j ) (1)
In the above equation R j is the resistance of jth element and
τ j is the time constant of element j. In the Simulink model,
equation (1) is converted into the Laplace space (equation (2))
and the outputs of the transfer functions are summed.
Zth(x−y)(S) =
n
∑
k=1
R j
τ j
1
s+ 1τ j
(2)
Each IPM contains three parallel half-bridge circuits, each
of which consists of multiple high and low side diode and
IGBT chips. For this study, the individual thermal impedances
in the IPM were aggregated to give the total impedances for
the high and low side IGBTs and diodes and the heatsink.
2.5 Lifetime model of the Converter
There are two major methods of lifetime modeling for power
electronic devices: empirical or analytical models, and physi-
cal models [15]. Analytical models describe the dependence of
the number of cycles to failure on the parameters of temper-
ature cycles i.e. amplitude, duration, frequency, mean value,
dwell time, maximum and minimum temperature [15]. These
models require some parameters that usually are provided by
the device manufacturer. Physical modelling is the modelling
of the physical process that will be the cause of the failure in
the power electronic device. In these methods testing of the
failure mode must be done to obtain accurate results [16].
An empirical formula (equation (3)) has been used for mod-
eling of the lifetime of the power electronics devices in this
paper. Formula (3) was introduced by the LESIT project [17].
N f = A.∆Tαj .e
Ea
kb .Tjm (3)
where N f represents the number of cycles to failure of the
device, ∆Tj is the junction temperature thermal cycle ampli-
tude and Tjm represents the mean absolute junction tempera-
ture. A, α and Ea are constant values provided by the power
electronic module manufacturer. Also, kb represents Boltzman
constant.
The above model is assumed to be descriptive only; that
means it does not take into account the physical structure of
the module and the actual failure mechanisms of crack growth
and reconstruction; it should be noted that the model is some-
how related to the physical characteristic of the device because
∆Tj will have inßuence on the plastic deformation and Tjm is
related to the material properties [17]. Formula (3) will give
the results by considering the temperature level where the ther-
mal cycling occurs; but other parameter will be inßuential in
the results of the lifetime calculations e.g. pulse duration, angle
of inclination, bond wire thickness, solder thickness and chip
thickness. A more accurate and complicated model had been
proposed [14], but was considered too difÞcult to implement
in this study.
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A rainßow counting algorithm was used to split the diode
and IGBT junction temperature time series into many thermal
cycles with different amplitude and average temperature [18],
and equation (3) used to Þnd the lifetime for each cycle. The
lifetimes were combined using Miners rule to Þnd the lifetime
for each wind speed bin based on the 10 minute time series.
Miners rule is given in equation (4),
m
∑
i=1
ni
Ni
=C (4)
where for each cycle, i , of a given magnitude and average
temperature, ni is the number of cycles and Ni represents the
number of cycles to failure. In addition, C is a constant, with
value of 1 usually used.
3. Simulation methodology
The operating range of the wind turbine is divided to many
different bins, with 2m/s step for each bin. Then the simula-
tion has been Þn in each bin for different numbers of paral-
lel IPMs and different wind proÞles. As the wind speed and
turbulence intensity in onshore sites are totally different from
those in offshore sites, wind proÞles have been chosen to rep-
resent wind conditions onshore and offshore. Simulations has
been run for an offshore wind turbine by choosing a mean wind
speed of 9m/s and wind turbulence level of 16% and for an
onshore wind situation the turbulence level increased by 15%
and mean wind speed has been selected at 7m/s. Both wind
proÞles use the Weibull probability distribution. 10 minutes
was simulated, and the simulation time was set to give 1 minute
for the heatsink temperature to stabilize.
The turbine torque and speed time series for the different
wind speeds and turbulences were produced in Bladed, and
a Matlab script was used to load each time series, run the
Simulink electro-thermal model and calculate the power elec-
tronics lifetime for each wind speed. The script then calculated
the overall lifetime, and the process was repeated for different
numbers of parallel IPMs.
4. Simulation results
Junction temperature of the IGBT and diode versus wind speed
for different parallel modules (1 to 4) are shown in Figure 4
and Figure 5 respectively. As can be seen, with more parallel
modules, the temperature of the device will be lower, due to the
reduced current in each device. The average temperature of the
diode junction is more than that in the IGBT junction. It should
be noted that IPMs are designed to operate as an inverter, and
the rating of the IGBT is higher than that of the diode in each
module. Here the IPM is operating as rectiÞer, in which more
current will be conducted by the diode, so the temperature of
diodes will be higher the IGBTs.
The estimated lifetime of the diode and IGBT for different
number of modules for both offshore and onshore locations are
given in Table 2. It can be seen that the lifetime of the diode for
the generator-side converter is less than the lifetime of IGBT
with the same number of the parallel modules, which is con-
sistent with the higher temperature in the diode. The number
Figure 4. Temperature of IGBT junction for 1-4 IPMs for offshore wind
turbine
Figure 5. Temperature of diode junction for 1-4 IPMs for offshore wind
turbine
of modules required to achieve 20 years converter lifetime was
interpolated from the data, and is given in Table 3 and shown
in Figure 6.
Table 2. Lifetime data for different number of parallel mod-
ules for both onshore and offshore.
Number of Mod IGBT lifetime(y) diode lifetime(y)
Offshore
1 0.372 0.000043
2 453.38 0.787
3 11650 68.5
4 89090 952
Onshore
1 0.63 0.00007
2 802 0.722
3 26648 118.2
4 157456 1716
Table 3. Required number of the modules for achieving 20
years lifetime.
Modls. for diode Modls. for IGBT
Offshore turbine 2.725 1.561
Onshore turbine 2.652 1.484
The lifetime consumption rate of converter is determined
as the probability of occurrence of a particular wind speed
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Figure 6. Temperature of IGBT junction for 1-4 IPMs for offshore wind
turbine
Figure 7. Lifetime consumption rate versus wind speed in offshore and
onshore for 3 IPMs.
divided by the lifetime at that wind speed. Figure 7 shows the
consumption rate of the IGBT versus wind speed in onshore
and offshore wind turbines with three parallel modules.
As it can be seen in Figure 7, the consumption rate is highest
around rated wind speed. This can be explained by the ßuctu-
ations in the power around the rated wind speed and switching
in the control action from under rated to the above rated control
actions. In addition the probability of the wind speed around
the rated speed is relatively high, so the device consumption
rate around the rated wind speed will be high. The consump-
tion rate of the converter for a turbine that operates in a site
with lower mean wind speed (onshore), is greater at low wind
speeds (less than 10m/s), than that for a turbine that operates
in a site with high mean wind speed. This is due to the Weibull
probability distribution, which has greater probability of lower
wind speed for a low mean wind speed.
Figure 8 shows the lifetime consumption rate of the diode
and IGBT for different number of parallel modules. From the
Þgure, the lifetime consumption rate of the diode and IGBT is
seen to be decreased exponentially by increasing the number
of parallel modules.
5. Conclusion
Converter lifetime for a horizontal axis wind turbine for dif-
ferent wind conditions has been estimated. Two different mean
Figure 8. Lifetime consumption rate of IGBT and Diode versus the number
of the parallel modules.
wind speeds and turbulence intensities with Weibull probabil-
ity distribution, representing onshore and offshore sites, have
been used. Converter lifetime has been estimated using a wind
turbine model with generated wind data, an electro-thermal
model and an empirical lifetime model at multiple average
wind speeds within the operating range of the turbine, and
the overall lifetime calculated. Around the rated wind speed
the ßuctuations of the torque and the high probability of wind
speed occurrence will lead to the highest lifetime consumption
rate of diode and IGBT. Simulations show the lifetime con-
sumption rate of the diode and IGBT is decreased exponen-
tially by increasing number of parallel modules, lowering the
average temperature. The offshore wind turbine has a higher
lifetime consumption rate, requiring a slightly higher converter
rating to achieve a 20-year lifetime, but this difference is small,
and both turbines will use the same number of IPMs. Required
converrter rating is determined by the lifetime of the diodes in
the converter, as its consumption rate is much more higher than
that in IGBTs due to the IPM being designed as an inverter
rather than a rectiÞer, leading to higher diode loads.
One of the limitations in this study is the empirical model
of lifetime estimation used. It is possible the empirical model
is not an accurate model for the low amplitude, high number
thermal cycles from the AC waveform. Therefore the best way
to interpret the results is as a comparison between lifetimes in
the onshore and offshore sites. Using a physical model can be
more accurate, but the model would need to be calibrated with
results from Þnite element simulations and accelerated lifetime
testing.
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